• Fly ash geopolymer cured under ambient conditions reached compressive strength up to 53 MPa • The compressive strength of geopolymers significantly increased with the decrease of water content • SEM, MIP and BET analysis showed that with a lower w/s factor the structure is denser
factors such as availability, cost, type of application, and specific requirements of the end users.
The use of fly ash as a starting material provides cost and environmental benefits in comparison with other thermally prepared natural raw materials (e.g., metakaolin), since it has a lower incorporated energy and low CO 2 emission [9] . Fly ash appears to be the most promising precursor for large-scale industrial production of geopolymer products due to its high workability and low water demand [10] . Besides, as a by-product it is available in huge amounts. Fly ash disposal for coal power stations is an ongoing problem; although fly ash is usually employed in the cement industry as pozzolanic additives, a high percentage of it is still disposed of in landfills, which results in high management costs. For instance, in Slovenia there are two sources of fly ash (the thermal power plants at Trbovlje and Šoštanj) with over 500,000 tons of fly ash produced per year. Some of it is used as an additive in the cement industry to pro-duce blended cements as well as directly in the production of concrete, but a vast amount is still available for further processing.
The properties of fly ash geopolymer have been tailored for applications such as replacing ordinary Portland cement [11, 12] or ceramic-like materials [13] . The tests conducted on geopolymer mortars reported that most of the 28-day strength was gained during the first two days of curing [14] . Although initial curing at elevated temperatures (between 40 and 95 °C) improves geopolymerization, leading to greater compressive strength of the geopolymer [15] , fly ash geopolymers with good mechanical properties can be synthesized at ambient temperature, with high compressive strength of up to 65 MPa [16] . Being able to cure at ambient temperature is very important in terms of practical application. The suitability of fly ash as a source material for geopolymers is mainly influenced by the content of reactive silica and alumina, Fe 2 O 3 and CaO content, content of vitreous phase, and particle size [17, 18] . Low-calcium fly ash (CaO < < 10%) is preferred to high calcium fly ash for the formation of geopolymers, as the presence of calcium in high amounts may affect the polymerization process [19] . However, the final properties of geopolymers are affected by the concentration and type of alkaline solution, curing method and temperature, water content, and ratio of fly ash to alkaline solution [20, 21] . It was reported that the type of alkaline liquid is a significant factor affecting the mechanical strength, and that the combination of sodium silicate and sodium hydroxide gave the highest compressive strength [22] . Sometimes, the composition could be optimized by adding sources of alumina or calcium or by mechanical activation of fly ashes, resulting in higher compressive strength especially in the early ages [14, [23] [24] [25] .
The aim of this research is to investigate the effects of activator concentration (sodium silicate modulus) and water/solid ratio on the mechanical and microstructural properties of fly ash-based geopolymer cured under ambient conditions.
EXPERIMENTAL

Materials
Geopolymer samples were prepared from fly ash supplied by a Slovenian thermal power plant, Trbovlje. The chemical composition of the fly ash, determined by chemical analyses according to EN 196-2 [26] and EN 450-1 [27] , is given in Table 1 . According to EN 197-1 [28] , the fly ash is classified as siliceous fly ash. It contains 80.7% particles smaller than 0.045 mm (EN 450-1 [27] SiO 2 /Na 2 O mass ratios (n) of alkaline activators and three different water/solid (w/s) ratios were used. The addition of sodium silicate solution and NaOH was calculated accordingly. The total water in a system includes water from sodium silicate and extra added distilled water. In the preparation of the mixtures, solid NaOH was first dissolved in sodium silicate solution, followed by the addition of water. The solution was then mixed with fly ash for 5 min. Mixtures were cast in molds of 10×10×60 mm 3 , demolded after one day, and cured at room temperature of 20±1 °C and relative humidity of 60±10%.
Methods
The compressive and flexural strength of the investigated samples was analyzed after seven days using a ToniNORM ID 3100299. Measurements were carried out on three samples per mixture on 10×10×60 mm 3 prisms. The mineral composition of fly ash and selected geopolymer samples was determined by X-Ray powder diffraction (XRD) using a Philips PW3710 X-ray diffractometer equipped with CuKα radiation and a secondary graphite monochromator. Data were collected at 40 kV and a current of 30 mA in the 2θ range from 5 to 70° with a speed of 3.4 °/min. The results were analyzed by X'PertHighScore Plus diffraction software using PAN-ICSD (PW3213) powder diffraction files. The samples were ground in an agate mortar to a particle size of less than 50 µm prior to XRD analysis.
The Fourier transform infrared spectroscopy (FTIR) spectra of fly ash and selected geopolymer samples were recorded using a Perkin Elmer Spectrum 100 spectrometer. Sixty-four signal-averaged scans of the samples were acquired. Powder pellets were pressed from mixtures of samples with KBr at a ratio of about 1:200. The FTIR spectra were recorded with a spectral resolution of 4 cm −1 in the range of 4000-370 cm −1 . The microstructure and chemical composition of the polished cross-sections of the samples were examined by the back-scattered electrons (BSE) image mode of a JEOL 5500 LV low vacuum scanning electron microscope (SEM).
The porosity and pore size distributions of the investigated samples were determined by means of mercury intrusion porosity (MIP). Small blocks, approximately 1 cm 3 in size, were dried in an oven for 24 h at 105 °C and analyzed on a Micromeritics Autopore IV 9500 model. Samples were analyzed in the range of 0 to 414 MPa using solid penetrometers.
The N 2 sorption isotherms were obtained at 77 K on a Micromeritics ASAP-2020 analyzer under continuous adsorption conditions. Prior to these measurements, chip samples (about 1 g) were heated at 200 °C for 2 h and outgassed to 10 −3 Torr using Micromeritics Flowprep equipment. Gas adsorption analysis in the relative pressure range of 0.05 to 0.3 was used to determine the total specific area -the Brunauer-Emmett-Teller (BET) surface area of the samples [29] . The total pore volume and micropore volume of the samples were calculated using t-plot analysis. The Barrett-Joyner-Halenda (BJH) method was used to obtain pore size distribution curves [30] .
RESULTS AND DISCUSSION
Compressive and flexural strength
The compressive and flexural strengths of the geopolymer pastes are given in Table 2 . Values of compressive and flexural strength ranged from 1.6 to 52.3 N/mm 2 and 1.8 to 13.0 N/mm 2 , respectively ( Table 2 ). As seen from Figure 1 , these values increase with the increase of the SiO 2 /Na 2 O mass ratio of alkali activator and decrease significantly with increases in water content (water/solid ratio). Thus, samples with the lowest SiO 2 /Na 2 O mass ratio have the lowest values of compressive strength, which, however, decrease with the w/s ratio. If samples 1-3, 4-6, and 7-9 are compared, it is evident that the presence of dissolved silicon in the aqueous solution of sodium silicate contributes to the increase of compressive strength. An increase in the SiO 2 / /Na 2 O mass ratio from 0.45 to 0.85 causes a perceptible increase of the compressive strength, but further increases in the silicon concentration do not influence the compressive strength significantly. The higher concentration of dissolved silicon in the system normally led to higher strength, but only up to a certain value [22, 31] . The further increase in the concentration of silicon led to a decrease in the compressive strength, as observed in sample 9 in our case. This could be a result of the amount of unreacted material, which increases with silicon concentration and has a deleterious effect on the mechanical strength of geopolymers [32] . Moreover, it could be connected to the viscosity of sodium silicate solution, as it increases with the SiO 2 /Na 2 O increase and w/s decrease and thus hindered mass transport through solution. Besides, these results indicate that the w/s ratio played an important role in the development of compressive strength, illustrating the effect of the w/s ratio on geopolymer strength development, which is similar to OPC concrete. A similar trend is also observed for samples 7, 4 and 1, as well as for samples 9, 6, and 3.
XRD and FTIR spectroscopy
The basic material of the fly ash based geopolymer is of a prevailingly amorphous character. The XRD patterns of the geopolymers are clearly different from that of the original fly ash (Figure 2 ). Besides the amorphous phase (broad hump due to the glass content, appearing at around 25° 2θ), quartz, mullite, anorthite, haematite, anhydrite and maghaemite are present in the source material. After the process of geopolymerization, the original broad peak of fly ash is shifted to the higher values of 2θ angles (30° 2θ), indicating the dissolution of the fly ash amorphous phase and the formation of a new amorphous phase in the geopolymer [33] .
The FTIR spectra for fly ash and geopolymer pastes are shown in Figure 3 . The main feature of the FTIR spectra was the central band at around 1078 cm -1 , which is attributed to the Si-O-Si or Al-O-Si asymmetric stretching mode. The main spectral band originally appearing in fly ash at about 1078 cm -1 shifted to lower frequencies after geopolymerization took place. The larger the shift, the higher the degree of penetration of Al from the glassy part of the fly ash into the (SiO 4 ) 4-net [34, 35] . An increase in the SiO 2 / /Na 2 O mass ratios (samples 1-3) contributed to a decrease in the main band at 1078 cm -1 in fly ash to 1015 cm -1 in sample 3. On the other hand, this decrease ranged between 48 and 69 cm -1 depending on the w/s ratio (samples 2, 5 and 8). This indicates that the geopolymerization process is influenced by both parameters. Significant broad bands were observed at approximately 3450 and 1640 cm -1 for the O-H stretching mode and O-H bending mode. The presence of quartz is shown by a characteristic doublet at around 796 and 776 cm -1 and it is present in all samples. Another spectral band at around 1440 cm -1 appeared in all the geopolymer samples, but is absent in the fly ash. This band is characteristic of the asymmetric CO 3 stretching mode, which suggests the presence of sodium carbonate as a result of the reaction between excess sodium and atmospheric carbon dioxide [9, 35] . Excess sodium content can form sodium carbonate by atmospheric carbonation and may disrupt the polymerization process [36] . Particularly in the case of low-Ca alkali activated materials, carbonation tends to form sodium carbonates and bicarbonates, which are more soluble than the CaCO 3 formed by carbonation of OPC and may therefore act as an alkali sink and/or play a buffering role in the pore solution [37] .
SEM
The microstructure of fly ash-based geopolymer is characterised by the heterogeneous matrix of geopolymeric gel and unreacted fly ash particles. Closed spherical pores are present, formed either as a result of the dissolution of original fly ash particles (part of the particle is still present), or by the air entrained during the preparation. Fly ash is known to contain a significant proportion of particles with hollow spheres. When these hollow spherical particles are partially dissolved they create porosity in the matrix, which thus contains highly dispersed small sized pores [8] . When compared samples with the same w/s ratio, in sample with the lowest Na 2 O/SiO 2 mass ratio of the alkali activator poor connection among the grains was observed due to the small amount of matrix, whereas samples with higher activator concentration showed compact matrix (Figure 4) . On the other hand, microcracks that occur within the matrix and at the interface grains/matrix are abundant in sample with highest SiO 2 /Na 2 O mass ratio (sample 3). Furthermore, at constant activator concentration, the sample with the highest w/s ratio showed a more porous matrix with respect to the samples with lower w/s ratio.
Hg-porosimetry and gas sorption Table 3 shows the parameters that were determined by mercury intrusion porosimetry and gas sorption, while Figure 5 shows the representative pore size distribution for selected geopolymer pastes.
The geopolymers exhibited a rather high porosity, with porosity values ranging from 30.4 to 41.4%. Similar to the case of compressive strength, the porosity of the geopolymers is influenced substantially by the value of the water/solid ratio [38] as well as by the SiO 2 /Na 2 O mass ratio. The porosity of the geopolymers prepared by increased silicon concentration was substantially smaller, but larger w/s ratio increased the porosity and a shift toward larger pore sizes could be observed. For instance, sample 8 (w/s = 0.25) developed a porosity of 32.2%, while sample 5 (w/s = 0.4) had a higher porosity of 41.4%. Moreover, the value of porosity of sample 1 with lowest SiO 2 /Na 2 O mass ratio (n: 0.45) was 36.2% and that of sample 3 (n: 1.48) was 30.4%. While there were no significant differences in the porosity of samples 1 and 2, a further increase in the SiO 2 /Na 2 O mass ratio reduced the porosity, as observed in sample 3. The result showed that even small w/s variation had a strong influence on the porosity values and consequently to the compressive strength. As shown in Figure 6 , the porosity and compressive strength of geopolymers are in negative correlation at constant SiO 2 /Na 2 O mass ratio and various w/s ratios. The same trend is observed for average pore diameter, which ranged from 0.0376 to 0.0773 µm and is smallest for the lowest SiO 2 /Na 2 O mass and w/s ratios. The bulk densities of the samples were within the range of 1.36 to 1.58 g/mL, while the apparent densities were within the range of 2.26 to 2.33 g/mL.
The pore size distribution of the geopolymer pastes is unimodally distributed in samples 1 and 3. Samples with different w/s ratios at the same SiO 2 /Na 2 O mass ratio of alkali activator all showed bimodal pore size distribution. As shown in Figure 5 , at the same SiO 2 /Na 2 O mass ratio, the larger intrusion peak is shifted towards smaller pores with decreases of the w/s ratio, that is, from 0.3 (sample 8) to 0.5 µm (sample 5). On the contrary, on changing the SiO 2 / /Na 2 O mass ratio, the larger intrusion peak shifted first towards lower pores and then with further increases of silicon to the higher pores.
However, the high-pressure mercury porosimetry yielded only limited information on the character of the pores in the nanometric region. More data were obtained by measuring BET isothermal lines; Figure 7 shows the distribution of the pore sizes of the geopolymer pastes.
The values of the BET specific surface area ranged from 7.88 to 18.53 m 2 /g ( Table 3 ). Values of total pore volume ranged from 0.018 to 0.084 cm 3 /g. It is interesting to note that samples 1 (n: 0.45) and 3 (n: 1.48) had similar BET specific surface areas with the lowest values. It seems that the w/s ratio did not influence the BET specific surface area significantly. The pore volume accessible to gas is higher for the samples with a higher w/s ratio, whereas an increase or decrease in the SiO 2 /Na 2 O mass ratio reduced it. Values of average pore diameter ranged from 9.05 to 19.56 nm, the highest being for a w/s ratio of 0.4 and the lowest for the highest SiO 2 /Na 2 O mass ratio.
Samples 2 and 8 showed a pore size distribution with a clear maximum at around 20 nm (shifted to higher values for sample 8), while sample 5 had a broad peak in the range of 10-80 nm. The pore size diameter was reduced when a higher SiO 2 /Na 2 O mass ratio of alkali activator was used (sample 3), while sample 1, for which the lowest modulus (n: 0.45) was used, did not show a clear maximum. These two samples also had the lowest total pore volume. The volume ratio of small pores (< 50 nm) also seemed to be affected by the w/s ratio, which confirmed that decreasing the w/s can reduce the porosity of the geopolymer, as was also found by Zhang et al. [38] . The mesopores (3.6-50 nm) represent the main porous structure, which is the cluster(s) of aluminosilicate particles that constitute the Si-O-Al network, as shown by Sindhunata et al. [39] . Microstructural results obtained by SEM, MIP and BET analysis showed that with a lower w/s ratio or higher SiO 2 /Na 2 O mass ratio the structure is denser and that the porosity lies in the mesoporous range. Porosity of geopolymer was decreased by higher silicon concentration, but larger w/s ratio increased the porosity and a shift toward larger pore sizes could be observed. BET specific surface area is influenced by SiO 2 /Na 2 O mass ratio with samples with n = 0.85 having the highest values, whereas w/s ratio did not affect it significantly. A considerable shift in FTIR analysis for the band at around 1078 cm -1 , which is attributed to the Si-O-Si or Al-O-Si asymmetric stretching mode, was noticed for all samples, but was highest in the most geopolymerized one, sample 8, as a result of the higher degree of penetration of Al from the glassy part of the fly ash into (SiO 4 ) 4-net. The FTIR results are in good correlation with the XRD analysis, where it is also observed that the original broad peak of fly ash representing the glassy phase is shifted to the the higher values of 2θ angles, indicating the dissolution of the fly ash amorphous phase and the formation of a new amorphous phase in the geopolymer.
